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Rock Failure and Earthquakes

1. Introduction

This chapter summarizes experimental observations and related
theoretical developments of faulted and intact rock properties
related to earthquake nucleation, failure and dynamic slip. We
will be concerned primarily with earthquakes occurring in the
brittle crust. Intermediate and deep-focus earthquakes have
unique mechanical considerations that are discussed in
Section 7. We focus on repeatable laboratory observations
and their direct implications for fault strength and stability.
Important results that may be new, incomplete or controversial
have also been included. To distinguish the well-established
findings from others, the latter appear in “new and provisional
results” sections.

Natural faults in the Earth’s crust are zones of localized
shear that are inherently weaker than the surrounding intact
rock (Chapter 29 by Sibson). Slip can occur slowly as aseismic
creep or rapidly as earthquakes with long interevent times
during which little or no slip occurs. Crustal faults have
complex and irregular geometry, typically fractal in nature,
that includes irregular, interlocked surfaces, offset segments,
bends, and junctions. Since compressive stresses increase with
depth due to the overburden, the natural tendency for irregular
fault surfaces to move apart during sliding is suppressed.
Instead, fault slip at depth involves grinding and crushing of
grains and must involve continual fracture of asperities or
interlocked regions. Breaking of asperities may in fact control
the position and timing of earthquake nucleation. For this
reason, we will examine the brittle fracture of intact rock as
well as frictional properties of preexisting faults.

Experimental and theoretical rock mechanics studies have
greatly influenced our understanding of earthquakes and
related crustal processes. Many key theoretical advances have
either originated or been tested and refined through observa-
tions of brittle deformation under controlled laboratory con-
ditions. Although the association of earthquakes with crustal
faults was established by the beginning of the 20th century
(Lyell (1877) actually suggested a connection before this),
important empirical relations for strength of rock and granular
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material were developed much earlier. The Coulomb failure
criterion for initially intact rocks was proposed in the late 18th
century and continues to be of great practical use

|T| = C + liop (1)

where 7 and o, are shear and normal stress resolved on the
eventual fracture plane, ¢ is cohesion, and p, is coefficient of
internal friction. Here we define fracture as a loss of cohesion
across a material plane, and failure as a loss of strength, thus
fracture is a subset of failure. For the failure of intact material
we conform to the standard definition that the coefficient of
internal friction is the slope of the failure surface: u; = 07/00,
(Jaeger and Cook, 1971), the failure surface or envelope being
the solution to the failure criterion, i.e., for Eq. (1) the failure
surface is linear and y; is a constant. Griffith (1920) demon-
strated the importance of flaws, which act as stress con-
centrators, in controlling the strength of brittle materials,
materials whose ability to resist deformation decreases with
increasing permanent deformation. Using this approach, frac-
ture mechanics (e.g., Broek, 1982; Atkinson, 1987) has been
highly successful in relating defect structures to fracture
strength and related properties. Similar ideas have been a fun-
damental part of frictional contact theory where it is recognized
that the real area of contact supporting stresses across a fault is
a small fraction of the total fault area (Jaeger and Cook, 1971;
Dieterich, 1978b; Dieterich and Kilgore, 1994).

Many of the theoretical advances in rock fracture and
friction have their origins in metallurgy. Although the macro-
scopic phenomenology can be similar, the micromechanical
deformation mechanisms are often distinct for metals and
framework silicates. Brittle fracture in silicates commonly
involves opening of cracks and an accompanying volume
increase. Because this dilatational strain must do work against
the ambient confining stress, Coulomb materials, unlike
metals, are characterized by a pressure sensitivity of yield
strength as expressed in Eq. (1).

The basic concept of friction or frictional resistance of two
surfaces in contact, the ratio of the shear resistance to the
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surface normal stress, is referred to as Amontons’ law and was
developed about eighty years before the Coulomb criterion
(Rabinowicz, 1965; Jaeger, 1969). In this case, shear resis-
tance (f;) is related to the normal force (f,) acting on the
surface by |fs|=pf,, where py is coefficient of friction.
Dividing by the area of the surface gives
7| = HfOn (2a)
For many materials, spanning a wide range of mean stress, fi¢is
only weakly dependent on normal stress. Friction will depend
both on the material filling the interface (fault gouge) and on the
surface geometry (surface roughness, coherence or degree of
interlocking of surfaces). For example, joint systems, which are
formed by tensile opening of fractures with little net shearing,
can result in clean, well-mated surfaces that have higher shear
strength than surfaces with uncorrelated roughness. For
coherent surfaces, shear strength may not vanish at zero normal
stress and a more accurate empirical description of shear
strength becomes
7| = So + pyon (2b)
where S is an ‘inherent’ shear strength similar to cohesion in
Eq. (1) (Jaeger and Cook, 1971). The quantity most easily
measured and most often used in studies of rock friction is the
simple ratio of shear to normal stress. We will refer to this ratio
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as friction or frictional resistance, denoted by p, to distinguish it
from the coefficient of friction iy, so that Eq. (2b) gives

T S
%oy, ®)

On  On

High temperature, high pressure or the addition of reactive
pore fluids may allow for activation of ductile deformation
mechanisms (mechanisms whereby permanent deformation can
be accommodated without loss of strength) such as dislocation
glide or pressure solution, and can allow deformation that lacks
the pressure sensitivity characteristic of friction and fracture.
Thus, both p; and py are expected to decrease with increasing
depth in the crust (Mogi, 1966), and in fact laboratory mea-
surements indicate that y;, uy and p decrease with increasing
mean stress (1 + 03)/2 or normal stress (Fig. 1b). Normal stress
increases with depth and provides a convenient independent
variable for identifying trends in shear strength and other fault-
related properties. However, when considering failure of intact
rock, there is no preexisting fault plane and normal stress
becomes a less useful concept. In this case, mean stress pro-
vides a good alternative and will be used throughout this
chapter.

Although it is tempting, based on observations such as
shown in Figure 1a, to treat friction as a material property, this
assumption may not be correct. Some effects resulting from
surface geometry can be accounted for by adjusting So.
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FIGURE 1 (a) Shear-normal stress plot for Westerly granite showing peak intact strength and frictional strength. (b) Alternative measures

of strength for intact and faulted Westerly granite.
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However, other geometric properties related to the deforma-
tion of granular material between rigid fault blocks also affect
shear strength. In an idealized sense, a fault zone can be
described mechanically as a thin, weak layer sheared between
rigid blocks. The boundary conditions for this geometry
require that normal strains in the gouge layer in the plane of
the fault must be zero and average flow lines must eventually
become parallel to the fault walls, imposing constraints on the
stress field that develops within the gouge layer (Spencer,
1982; de Josselin de Jong, 1988; Rice, 1992; Savage et al.,
1996; Savage and Lockner, 1997). The strains resulting from
average simple shear deformation imposed on a gouge layer
by the fault walls are inconsistent with strains resulting from
flow of a Coulomb material (Byerlee and Savage, 1992). As
a result, complex structures such as Riedel shear bands
develop in the fault gouge (Gu and Wong, 1994; Savage et al.,
1996) which reflect a heterogeneous stress field that develops
within fault zones in response to deformation (Mandl et al.,
1977; Morgan and Boettcher, 1999).

Laboratory measurements show that numerous parameters
in addition to normal stress or confining pressure affect
strength of both fault surfaces and intact rock. These include
mineralogy, porosity, cementation, packing geometry of
gouge, surface roughness, coherence of surfaces, angularity
and size of gouge particles, temperature, pore fluid pressure
and composition, deformation rate, deformation and stress
history, fabric, foliation, or other anisotropic properties.
Sample size is reported to affect intact strength, but appears to
have little or no effect on frictional strength. Some of these
effects are discussed individually in subsequent sections. Pore
fluid pressure, in particular, has a first order effect on rock and
fault strength in cases where there is well-connected porosity.
This effect is discussed in more detail in Sections 2.3.2 and 5.
For now, we note that “effective” normal stress should be
substituted into Egs. (1), (2), and (3) where an effective
normal stress component is the normal stress reduced by pore
pressure: i.e., 0,.;=0,—p (Terzaghi, 1929; Hubbert and
Rubey, 1959).

2. Brittle Fracture

For theoretical development or numerical modeling, it is
common to assume that earthquakes occur in preexisting fault
zones. For a number of reasons, however, we will include
analysis of the rupture process in both intact and prefractured
rock (cf. Section 4.2). Although the Earth’s crust is generally
permeated with preexisting fractures and joints, it is not known
what fraction of earthquakes occur on preexisting faults, what
percentage of any single earthquake rupture surface represents
new faulting (especially for earthquakes that jump fault seg-
ments), or whether rupture nucleation might occur at jogs or
locked segments and involve breaking of rock which is at or
near the intact rock strength. Also, there are many similarities
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between the mathematical analysis of intact rock deformation
and deformation on faults. The micromechanical mechanisms
for fracture and sliding on faults both involve grain breakage,
grain rotation, crack propagation, and in many cases plastic
deformation mechanisms. Fault zone materials will be altered
by passage of pore fluids, but this process also occurs in intact
rock. Finally, in the long periods between earthquakes, faults
can be expected to heal and restrengthen by an amount which,
in the limit, would return to intact rock strength. For these
reasons, a proper review of rock friction should also include
discussion of rock fracture.

A number of comprehensive studies and reviews of rock
failure, faulting and rheology currently exist (Handin, 1966;
Jaeger and Cook, 1971; Bock, 1978; Lama and Vutukuri,
1978; Paterson, 1978; Lambe and Whitman, 1979; Kirby and
McCormick, 1984; Kirby and Kronenberg, 1987; Mandl,
1988; Scholz, 1990; Evans and Dresen, 1991; Lockner, 1995).
Readers are encouraged to refer to these studies for additional
information. Many of the effects discussed in this section have
direct bearing on how rocks deform along preexisting faults
and provide a useful framework for much of the discussion of
earthquake processes.

2.1 Basic Relations

The relations between fault orientation angle [, fault normal
angle ¢ (= (7/2) — (3), and stress components, including max-
imum compressive (o) and minimum compressive (o3) prin-
cipal stresses (Fig. 2), follow directly from expressing the state
of stress on planes which contain the intermediate principal
stress axis as a function of the extreme principal stresses

7 =1(01 — 03)sin23 (4a)

oy = %[(0] + 03) — (01 — 03) cos 209] (4b)
Here and throughout we take compressive stresses and con-
tractive strains as positive. As indicated by Eq. (4), the orien-
tation of the failure plane is assumed to contain and be
independent of the intermediate principal stress.

Laboratory failure tests conducted at different conditions
can be used to construct the failure envelope, defined as the
locus of points in shear versus normal stress space which
define failure (the Mohr plane) (Fig. 2). The simplest labora-
tory test geometries are uniaxial compression (o;=o0,,
0, =03 =0) leading to failure stress state “U” in Fig. 2, and
uniaxial tension (o;=0,=0, 03 =0;) shown as stress state
“T”. Tensile failure occurs on a fracture oriented perpendi-
cular to the maximum tensile stress direction (5=90°),
whereas compressive failure involves shearing on a fault
inclined at smaller 3 (typically in the range 20° < (3 < 45°).
More complicated testing conditions are appropriate for de-
formation tests relevant to earthquake failure, which require
higher normal stress and independent variation of one or more
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FIGURE 2 (a) Relation between principal stresses at failure. (b) Mohr failure envelope showing relation between stresses
and failure parameters. 3 (= (7/2) — 1)) is the angle between failure surface and direction of maximum principal stress o7y.

stress components. The two most common test geometries are
shear box or direct shear and triaxial. Direct shear machines
allow for independent variation of shear and normal stress on
the sliding surface. Triaxial machines are the most common
method of testing samples at confining pressures as high as
1 GPa, controlled pore fluid pressure, and temperatures rele-
vant to the crust and upper mantle. A restriction on standard
triaxial tests is that a fluid is used to apply confining pressure
Peons S0 that 0, =03 =P.onr. Rotary shear machines, where
confining pressure, normal stress, shear stress (torque), and
pore pressure can be varied independently, are also particu-
larly useful in friction studies since significantly larger dis-
placements can be achieved in this geometry than in any linear
displacement apparatus. However, the direct shear and
unconfined rotary shear geometries lead to difficulties in
controlling pore pressure and temperature.

The steep slope for the failure envelope in Figure 2a shows
the strong pressure sensitivity of failure strength for
dilatant materials. A Mohr representation in which shear stress
is plotted versus normal stress, is shown in Figure 2b (Jaeger
and Cook, 1971). For application to the Earth, it is often
assumed and observed that failure occurs when Eq. (1) is
first satisfied on the most favorably oriented plane. This
assumption leads to additional constraints on the stress state

and fault orientation,
™
¢i =tan"' y; = 5 243

1
tan23 = —

i

1/2

o1 = o+ [(? + )" + o

Equations (5) are Mohr—Navier—Coulomb relations.

2.2 Conceptual Fracture Model

As mean stress increases with depth in the shallow to mid crust
due to the increase in overburden, both frictional and intact rock
strength can be expected to increase. If special conditions result
in near-lithostatic fluid pressure, that is, pore pressure equiva-
lent to overburden (i.e., magma intrusion or trapped pore fluid),
then the minimum effective principal stress can be low or
negative and the rock can fracture in tension. In the case of
earthquakes, however, focal mechanisms indicate shear rather
than tensile failure. Rocks are generally about ten times
stronger in compression than in tension (Lockner, 1995),
reflecting the difficulty of propagating a large-scale shear
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fracture (generally involving dilatancy) through a compres-
sively loaded brittle material. It is well known that the failure
process in rock involves microcrack growth. Open pores,
contrasts in elastic properties of adjacent minerals, and weak
grain boundaries can all act as stress concentrators in com-
pression (Peng and Johnson, 1972; Tapponnier and Brace,
1976) and shearing along surfaces oblique to the maximum
compressive principal stress o is likely to play an important
role in the development of large local stresses (Peng and
Johnson, 1972; Horii and Nemat-Nasser, 1986; Sammis and
Ashby, 1986; Ashby and Sammis, 1990; Lockner et al., 1992b).
The local stresses induced near the crack tips contain a com-
ponent of tension which leads to local tensile failure before the
fracture toughness for failure in shear is achieved (Lawn and
Wilshaw, 1975). As aresult, tensile “wing” cracks grow aligned
subparallel to the o, direction. Unlike the case of remotely
applied tensile stress, two important stabilizing processes take
place during the loading of cracks in compression. First, as
wing cracks extend, stress intensity decreases, and additional
deviatoric stress must be applied to cause further crack growth
(Costin, 1983, 1987; Horii and Nemat-Nasser, 1986). Second,
diagonal flaws, which are favorably oriented to act as nuclea-
tion points for shear failure, propagate out-of-plane (parallel to
01) and cannot maintain the necessary shear geometry (Lawn
and Wilshaw, 1975). Eventually, crack densities become suf-
ficiently large for significant crack interaction to occur, leading
to the nucleation of a proto-fault: a shear fracture connecting
en-echelon arrays of the dilatant microcracks (Peng and
Johnson, 1972; Horii and Nemat-Nasser, 1986; Sammis and
Ashby, 1986; Costin, 1987; Kemeny and Cook, 1987; Ashby
and Sammis, 1990; Du and Aydin, 1991; Lockner et al., 1992b;
Reches and Lockner, 1994). Finally, quasi-static fault growth
experiments (Lockner et al., 1991, 1992a) have demonstrated
that following nucleation, the shear fault propagates inplane
due to its own stress field (Fig. 3). Although the fracture pro-
pagates as mixed shear modes II and III, the fracture tip is
surrounded by a process zone, much like the earthquake rupture
zone described by Rice (1980). In this high-stress region,
energy is dissipated by the growth of a halo of microcracks
(primarily tensile (Moore and Lockner, 1995)) as the fracture
advances through the rock. Similar results have been observed
for damage zones surrounding natural faults (Vermilye and
Scholz, 1998). The acoustic emission experiments provide an
important constraint on nucleation. In past studies it was often
argued that the eventual fault plane began forming, as a region
of high microcrack damage, well before peak strength.
Although this interpretation may hold for samples containing
large preexisting flaws, it appears that in homogeneous, iso-
tropic rocks, the location of the eventual fault plane is not
correlated in any obvious way to precursory, localized damage.
Similar results have been reported in field studies (Linde and
Johnston, 1989; Johnston and Linde, 2002) where nucleation
zones for moderate-sized earthquakes were inferred to be less
than 0.1% of the coseismic rupture surface area.
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FIGURE 3 Acoustic emission (AE) hypocentral locations during
fault formation of initially intact Westerly granite. Time progresses
from left to right. Middle: Figures view sample along strike of
eventual fault plane which appears as diagonal feature in (e) and (f).
Top: Same AE events viewed perpendicular to strike. Bottom:
Accompanying stress—displacement curve indicates segments of the
experiment from which acoustic emission plots are made. Fault
nucleation occurs in (d).

2.3 Factors Affecting Fracture
Strength of Rock

2.3.1 Confining Pressure Effect

Confining pressure affects brittle fracture strength by suppres-
sing the growth of dilatant microcracks. Microcracks tend to
grow parallel to o; when a sample is loaded in compression by
locally overcoming the ambient compressive stress field near
crack tips and developing a localized region of tensile stress.
This process requires some specialized mechanism such as slip
along grain boundaries or bending of a rigid grain that is
adjacent to an open pore or more compliant grain (Peng and
Johnson, 1972; Tapponnier and Brace, 1976; Sammis and
Ashby, 1986; Reches and Lockner, 1994). Such mechanisms
are generally enhanced by deviatoric stress and suppressed
by mean stress. In addition, slip along grain boundaries will
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not occur until frictional contact strength, which increases
with mean stress, is overcome. The overall strengthening eff-
ect can be represented in a shear stress—normal stress plot
(Mohr—Coulomb failure envelope) such as Figure la for
Westerly granite. In general, the failure envelope is concave
towards the normal stress axis so that a linear failure criterion
such as Eq. (1) may not be a satisfactory approximation. This
curvature becomes most important when experimental data
span a broad range of normal stress. Some minerals, such as
calcite, undergo a brittle-ductile transition within this pressure
range and exhibit severe curvature of the failure envelope.
Furthermore, the difference between intact failure strength and
frictional sliding strength vanishes at high pressure (Byerlee,
1967; Ismail and Murrell, 1990). A good empirical fit to the
intact rock strength in Figure 1 (Lockner, 1998) is provided by

o1 = 03 + (46660 + 5128.753)"/> —83MPa  (6)

where stresses are in MPa.

The majority of strength measurements have been con-
ducted under uniaxial or “triaxial” stress conditions in which
0,=03. A limited number of true triaxial measurements
have been performed to explore the effect of intermediate
principal stress on failure mode. While the most commonly
used failure criteria (e.g., Mohr—Coulomb) assume that failure
is independent of intermediate stress, experimental evidence
demonstrates that this assumption is not strictly true (Mogi,
1967, 1970; Amadei et al., 1987).

2.3.2 Pore Fluid Pressure and Effective
Pressure Law

Pore fluids can affect fracture strength through a direct pressure
effect as well as through chemical interactions with the rock
matrix. Mechanically, pore pressure acts to reduce the normal
stress tensor components throughout the rock mass according to
the effective pressure law (Hubbert and Rubey, 1959)

Opeff = Op — QP (7)

where « is a constant related to pore geometry. Although var-
iations in « have been measured for the effect of pore pressure
on transport properties (Walsh, 1981), o =1 is appropriate for
fracture strength of rock with well-connected porosity. If fluid
pressures in the crust were low, the increase in mean stress and
temperature with depth, due to overburden pressure, should
result in large shear strength and the gradual change from brittle
to ductile deformation in the mid to lower crust (as suggested by
the convergence of frictional and intact strength in Fig. 1). The
normal hydraulic head for well-connected porous material will
offset the overburden pressure by approximately one-third.
However, for isolated porosity at depth, normal consolidation
and dewatering processes can compress pore fluids to well
above hydrostatic pressures and under proper circumstances
may lead to repeated episodes in which the rock is hydraulically
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fractured. There is currently considerable interest in fluid
overpressure phenomena and their relation to oil reservoir
partitions (Hunt, 1990; Powley, 1990) as well as to larger-scale
crustal processes such as earthquake cycles and the reduction of
strength of mature faults (Byerlee, 1990, 1992, 1993; Nur and
Walder, 1990; Rice, 1992; Miller et al., 1996; Sibson, 2002)
(see Section 3.2).

Since water reacts with silicates to disrupt the Si—O bond,
pore fluids can have a profound chemical effect on the phy-
sical properties of crustal silicate rocks. CO, concentration
plays a similar role in the diagenesis and metamorphism of
carbonates. Crack healing, cementation, and densification all
act to strengthen rock with time (Hickman and Evans, 1992).
By contrast, chemically assisted crack growth is the primary
mechanism for stress corrosion and static fatigue (subcritical
crack growth) at temperatures in the 0-200°C range (Rutter
and Mainprice, 1978; Kranz, 1980; Kranz et al., 1982;
Lockner, 1993b). Subcritical crack growth is crack extension
at crack tip stress below the critical stress intensity K;c- needed
to split lattice bonds (K; < K;c) (Atkinson and Meredith, 1987,
Costin, 1987). Subcritical crack growth rate v is generally
related to K; through a power law

v=AK! (8)
or exponential form
v = A exp(h2K;) 9)

where A, b, and n are empirical constants. An alternative view
relates crack growth rate to energy release rate G; (x K?7)
(Lockner, 1993b):

v = Az exp(b3Gy) (10)
Experimental data are insufficient to identify which form fits
best. However, there are theoretical arguments, based on
reaction rate theory, to prefer Eq. (9) or (10) (Costin, 1983;
Lockner, 1993b). Nominal values for n at room temperature and
in wet rock (Atkinson, 1987, Table 11.6) are: 15—40 for quartz
and quartz rocks; 10-30 for calcite rocks; 30-70 for granitic
rocks; and 25-50 for gabbro and basalt. A typical value for b,
for room temperature granite is 0.04 (MPam™~/?)~'. The cor-
rosive effect of the pore fluid can be altered significantly by
varying the activity of dissolved species as well as altering the
electrochemical potential (Dunning et al., 1980; Ishido and
Mizutani, 1980; Atkinson and Meredith, 1987; Evans and
Dresen, 1991; Hickman and Evans, 1991).

2.3.3 Strain Rate

In the brittle deformation field, rocks typically exhibit a pseudo-
viscous effect prior to failure which is reflected in a strength
increase with increasing strain rate. This effect is best known in
the mining industry as static fatigue in which a pillar or other
load-bearing structure will fail after some period of time under
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constant load. Subcritical tensile crack growth has been iden-
tified as the principal mechanism responsible for static fatigue
in rock (Kranz, 1980; Kranz et al., 1982; Lockner, 1993b) and
has been studied in recent years (Atkinson and Meredith, 1987).
The strain-rate dependence of rock strength has been measured
in the laboratory at rates above 10~'”sec™" which is generally
much faster than geologic rates even in tectonically active
regions. However, the lower limit does represent a useful limit
for many engineering applications. Experimental results cov-
ering a broad range of strain rates are shown in Figure 4.
Average strain rates have been obtained from static fatigue tests
on Barre granite (Kranz, 1980) by dividing time-to-failure data
by total inelastic strain. Various studies (Costin, 1983; Lockner,
1993b) have been successful in relating this macroscopic
relation between stress and strain rate to subcritical micro-
crack growth rate and its sensitivity to stress intensity at crack
tips. They determined an apparent activation volume of
0.43+£0.04kJMPamol™' (4.3 x 10 *m’mol™") for crack
growth in granite creep experiments. This approach provides
a link between energetics of microcrack extension and bulk
pseudoviscous response of rocks in creep (Lockner, 1998). It
may also prove useful as a way to incorporate time-dependent
effects in damage mechanics applications (Costin, 1987). This
rate sensitivity is often expressed as a power law dependence
of the form

Omax = a&"

(11)

Typical rate sensitivities in this regime are 0.02 <n < 0.04.
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FIGURE 4 Effect of strain rate on brittle fracture strength. Trend
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experiments (Goldsmith et al., 1976.)

511

By using shock and other impulsive loading techniques,
strain rates in excess of 10% sec ™' have been achieved for sam-
ples failing in tension (Grady and Lipkin, 1980). Although
some question remains as to the dependence of the measure-
ment on machine effects and boundary conditions, numerous
experiments show a transitional strain rate of approximately
10sec™ " above which significantly larger rate dependence is
observed. High-rate tensile experiments, taken from Grady
and Lipkin (1980), are summarized in the lower-right quadrant
of Figure 4 as trend lines without accompanying data values.
An upper limit of n<1/3 is indicated by both theory and
experiment (Brace and Jones, 1971; Green et al., 1972; Lipkin
and Jones, 1979; Grady and Lipkin, 1980; Olsson, 1991) for
rate sensitivity under these conditions.

2.3.4 Temperature

Mechanisms of crystal plasticity involving dislocation motion,
diffusion of point defects, and twinning are thermally activated
and will dominate brittle cracking as temperature increases
(Kirby and Kronenberg, 1987; Evans and Dresen, 1991). Some
minerals, such as halite and calcite, will deform ductilely at
room temperature if sufficient confining pressure is present to
suppress brittle crack growth (Fredrich et al., 1989). However,
dry quartz appears to deform brittlely at room temperature even
at confining pressures in excess of 1 GPa (Tullis and Yund,
1977). As previously mentioned, water has a significant effect
on pressure-assisted grain-boundary deformation mechanisms
such as pressure solution (Blanpied et al., 1991; Hickman and
Evans, 1991). These fluid-assisted mechanisms will often
dominate at intermediate temperatures and, over geologic time
scales, may play an important role in determining rock strength
at room temperature (Rutter and Mainprice, 1978). Thus, even
in the brittle regime, increasing temperature tends to reduce
fracture strength (Bragg and Andersland, 1981; Sayles and
Carbee, 1981; Wong, 1982a). The effect of temperature on
fracture strength of Westerly granite is shown in Figure 5.

2.3.5 Sample Size and Scaling

Laboratory studies in which pressure, temperature and other
environmental conditions are controlled have provided strength
data relevant to natural faulting and seismicity. However, the
scaling of these data to field applications remains problematic
(Pinto da Cunha, 1990). For example, the largest laboratory
fault models (approximately 1-m? surface) are many orders of
magnitude less than the fault area involved in a moderate
earthquake. A general result of fracture mechanics analysis is
that stress intensity at the tip of a flaw scales as the square root
of the flaw size. Consequently, larger samples, which can
contain larger flaws, are more likely to be weak. This argument
assumes, of course, that small samples with visible flaws (and
certainly flaws that completely bisect the sample) will be
rejected and not included in the strength statistics. However, the
degree of weakening has not been well determined and should
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FIGURE 5 Effect of temperature on brittle fracture strength of
nominally dry Westerly granite.
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FIGURE 6 Effect of sample size on fracture strength. Observed
weakening is up to 70% per decade increase in sample length. All
data are for uniaxial experiments.

vary from rock to rock depending on the flaw-size distribution.
Scaling procedures have been proposed (Allégre et al., 1982;
Madden, 1983) that address this problem. In addition, both
laboratory and field studies have been conducted (Mogi, 1962;
Koifman, 1963; Bieniawski, 1968; Hodgson and Cook, 1970;
Pratt et al., 1972; Singh and Huck, 1972; Herget and Unrug,
1976; Heuze, 1980; Dey and Halleck, 1981) that show a general
weakening with increased sample size (Fig. 6). This effect can
be large: as much as a 70% strength loss per decade sample size
for the weathered diorite studied by Pratt et al. (1972). Avail-
able data are insufficient to allow a clear understanding of this
effect. It is intriguing that the weaker rock types show the

Lockner and Beeler

greatest size effect. Pratt et al. (1972) noted a decrease in size
sensitivity for samples greater than 1-m length for both diorite
and coal and suggested that this may represent an upper limit to
the weakening region. Due to the small amount of existing data,
it is not yet clear to what extent these tendencies can be gen-
eralized. If flaw size is the correct explanation for the weak-
ening effect, then sample strength will depend as much on
crack-size distribution as on mineralogy. Furthermore, the
studies cited here are all unconfined. As discussed in Section 3,
we may expect large rock masses, especially in tectonically
active regions, to support stresses that are comparable to their
frictional strength rather than laboratory-measured intact
strength (Townend and Zoback, 2000).

3. Friction and Crustal Faults

Numerous theoretical arguments have been proposed to explain
frictional properties of rocks; many of which have met with
reasonable success in matching experimental observations. Yet,
natural faults are complex systems, and many complicated and
competing processes probably occur during deformation of
fault zones. At present, fault rheologic models should be con-
sidered empirical. As more sophisticated and precise experi-
mental observations are made, the corresponding mathematical
descriptions have invariably become more complicated. There
are many earthquake-related applications that can take advan-
tage of linearized approximations of frictional properties where
the non-linear aspects of time-dependent failure or fluid—rock
interactions are of less importance.

3.1 Byerlee’s Law and Incipient Failure

It has already been noted that Eq. (3) provides a lowest order
approximation of rock friction, especially in the lower temp-
erature brittle deformation field. Byerlee (1978) compiled
laboratory friction data for rocks and minerals and found that
many silicates and carbonates had very similar frictional
strengths. He suggested that the characteristic concave-
downward trend of shear strength versus normal stress could be
adequately approximated by a piecewise linear function often
referred to as Byerlee’s law:

7=0.850,

0, < 200 MPa (12)
7 =50MPa + 0.60,

200 < 0, < 1700 MPa

As discussed in the next section, Eq. (12) has proved to be
a popular approximation for shallow to mid crustal strength
where details of mineralogy or stress state may not be known. It
should be noted that many hydrated minerals and especially
sheet silicates with good basal cleavage or which accommodate
interlayer water have frictional strength significantly lower
than that described by Eq. (12) (see Section 3.2). Frictional
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resistance p as determined by Eq. (12) is plotted in Figures la
and b. This function, or values of frictional shear strength
given by Eq. (12) will be used as a convenient reference in this
paper.

Let us assume for the moment that the strength of the brittle
crust can be adequately represented by granodiorite. Although
this is an obvious simplification of the range of lithologies that
may be found in the continental crust, it should provide
a reasonable approximation of both intact and frictional
strength for many low-porosity, unaltered crystalline rocks.
The intact strength curve shown in Figure la, which is
derived from granitic samples chosen to be free of macro-
scopic flaws, provides a reasonable approximation to the upper
strength limit of the crust for rock volumes free of faults or
joints. For fractured rock masses, containing faults or joints of
all orientations, the most favorably oriented faults will fail
when the stress state intersects the frictional strength curve
(Eq. 12). In this case, the frictional strength would provide
a practical upper limit to crustal strength in the brittle field.
The limit of differential stress o;,=o0;— o3 in the crust
predicted by Egs. (2b) and (5b) can be written

2(SO + ,Ufo'nﬁeff) 2(80 + /J/fonn?eff)
o4 = — = (13)
cos(tan~" u;) COS ¢r

where the friction angle ¢>f:tam_1 py and tan28=1/uy.
Equation (13) specifies the differential failure stress for
frictional failure, and by substituting ¢ for Sy and p; for py
Eq. (13) can predict differential failure stress for rock
fracture. Although intact rock strength is an appropriate stress
limit at the surface of the Earth and in some near-surface
applications such as mining, in the case of earthquake faulting,
Eq. (13) appears to serve as an upper limit for stress in the
upper crust, especially in intraplate regions. This frictional
strength limit is confirmed by in situ measurements made at
depths up to 9km (Hickman, 1991; Townend and Zoback,
2000) (also see Chapter 40 by McGarr et al. and Chapter 34
by Zoback and Zoback). These field observations indicate that
o, generally does not exceed laboratory measurements of
the differential strength of faulted, dry, anhydrous silicates
(i.e., Byerlee’s law).

Using the same assumptions used to derive Eq. (13), the
variation of stress with depth in the brittle part of the crust can
be estimated from Egs. (2b) or (12) provided the magnitude of
one of the principal stresses is known. The magnitude of one
of the principal stresses can be deduced in normal and thrust
faulting environments by using Anderson’s assumption that
near the Earth’s surface one of the principal stresses is vertical
due to the lack of shear stress on Earth’s free surface
(Anderson, 1951), and the vertical stress is given with depth
by the overburden. This assumption leads to expressions for
normal stress on critically oriented faults in reverse fault
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environments where o, = o3:
1
o3 — (So — ) | e — cos g
o= —— (14a)
14+ 2 —
7 cos or
and for principally oriented normal faults where o, =o0y:
1
a1 — (So — wp) 1y tcos s
O = — ! (14b)
1 LA
TH Cos ¢r

(Fig. 7) (as follows from Sibson (1991)). (Here we have used
the definition ¢r= tan ! ty) Equations (14a) and (14b) as
depicted in Figure 7 indicate the Anderson